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Objectil'es. Our aim was to test the hypothesis that increased 
beat to beat morphologic variations in the body surface electro· 
cardiogram (ECG) are associated with fragmented diastolic elec-
trical activity that appears after coronary artery ligation and to 
correlate the appearance of spontaneous wntricular fibrillation 
after coronary ligation with the magnitude of the ECG beat to beat 
variability. 
Background. Unstable and variably delayed electrical activa· 
tion precedes the development of wntricular fibrillation in dogs 
with acute ischemia. Detection of these highly \'ariable low ampli· 
tude signals from the body surface is currently impossible. We 
ha\'e dewloped a system designed to measure the degree of beat to 
beat variability of the ECG. 
Methods. With high fidelity electrocardiography, subtle beat to 
beat ECG morphologic variations were detected in epicardial and 
body surface electrograms and quantified as the variance of the 
ECG \'oltage at specific points of the cardiac cycle. The ratio of the 
variance at the QRS offset to that of the QRS onset (beat to beat 
variability index) was then calculated. 
Results. Ventricular fibrillation de\'eloped in 12 of27 dogs after 
left anterior descending coronary artery ligation. In 7 of the 12 
Direct recording of electrical potentials from normal and 
ischemic myocardium has yielded an enormous amount of 
information regarding the mechanism of ventricular arrhyth-
mias associated with acute myocardial ischemia and its 
long·term course. However, these data are unavailable in 
clinical practice, as the subtle and complex changes in 
electrical activity from the ischemic myocardium cannot be 
recorded on the surface electrocardiogram (ECG). The ad-
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dogs it occurred immediately «15 min) after ligation; in the other 
5 it dewloped late (> 15 min) after ligation. Dogs with subse· 
quently immediate wntricular fibrillation had a significantly 
higher beat to beat \'ariabiIity index than that of dogs with late or 
no ventricular fibrillation both before coronary ligation (4.7 ± 1.4 
vs. 1.1 ± 0.2 and 0.8 ± 0.1, respectively, p < 0.001) and after 
ligation (6.4 ± 2.6, 1.0 ± 0.6 and 1.2 ± 0.6, respecth'ely, p < 
0.001). In dogs that de\'eloped wntricular fibrillation immediately 
after coronary ligation, the arrhythmia was preceded by frag· 
mented diastolic electrical acth'ity on the epicardial electrogram 
and a simultaneous increase in the beat to beat morphologic 
variability of the terminal portion of the body surface ECG QRS 
complex. 
Conclusions. Beat to beat QRS offset morphologic \'ariations 
appear to be increased before and further increased after coro· 
nary artery ligation in dogs that dewlop ventricular fibrillation 
immediately after ligation. Increased beat to beat \'ariability index 
may be associated with the presence of electrophysiologic instabil· 
ity and can predict early ventricular fibrillation. 
(J Am Coll CardioI1992;20:1270-6) 
vent of signal-averaging techniques (averaging many com-
plexes) makes it possible to detect repetitive, fixed and 
reproducible activity on the surface ECG beyond the QRS 
complex. The presence of a ~table and reproducible delayed 
activity beyond the QRS complex has been found to be of 
predictive value for detecting ventricular arrhythmias (1-4). 
Most cases of ventricular fibrillation and sudden cardiac 
death, however, are associated with acute changes in the 
electrophysiologic properties of the myocardium, including 
unstable and variably delayed activation. Many investigators 
(5-7) have demonstrated that this delayed activation appears 
and increases before the development of malignant ventric-
ular arrhythmias and ventricular fibrillation. Beat to beat 
variability could not be detected by surface recordings 
because of its extremely low amplitUde and because current 
signal-averaging techniques factor it out. The ability to 
detect the appearance of dynamic and changing electrical 
activity beyond the QRS complex is of clinical significance 
for two reasons. 1) Such changes have been shown in 
experimental models to precede and predict the occurrence 
of ventricular tachycardia and fibrillation during the hyper· 
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acute phase of myocardial infarction (5,6) (and therefore 
easily detectable by signal averaging); and 2) in the chronic 
infarct model, the stable and reproducible changes become 
unstable and dynamic and vary from beat to beat before the 
development of arrhythmias (8). 
A system was thus designed to measure the degree of beat 
to beat variability in amplitUde of the electrical activity 
during the cardiac cycle from surface ECG leads. Special 
emphasis was directed toward the post-QRS period (ST 
segment). This experimental study was designed to correlate 
electrical beat to beat variability as it is detected in the QRS 
complex with dynamic changes in the local activation in the 
ischemic zone after coronary artery ligation. Thus, we 
investigated whether surface lead variability would detect 
the variably delayed and fragmented activity characteristic 
of the ischemic myocardium. 
Methods 
Animal preparation. Twenty-seven male or female adult 
mongrel dogs (18 to 25 kg) were studied. The study conforms 
to the Position of the American Heart Association on Re-
search Animal Use adopted November 11, 1989 by the 
American Heart Association. 
The dogs were anesthetized with sodium pentobarbital 
(30 mg/kg body weight, intravenously); supplemental doses 
(30 mg) were administered as dictated by the presence of 
corneal reflex or pressor response to surgical incision. 
Animals were intubated and ventilated on a large-animal 
respirator (Harvard Apparatus) to maintain a partial pres-
sure of oxygen (Po2) of 80 to 110 mm Hg and a partial 
pressure of carbon dioxide (pco2) of 35 to 45 mm Hg. 
Cannulas were placed in the right femoral artery and vein for 
measuring arterial pressure and administration of fluid. 
The pericardium was incised through a left fifth intercos-
tal space incision and sutured to the chest wall, forming a 
pericardial cradle. The proximal left anterior descending 
coronary artery was surgically isolated to allow placement of 
a vascular snare. A test occlusion for 15 s was performed to 
outline the epicardial zone of ischemia (cyanosis). A pair of 
silver-silver chloride electrodes was placed in the ischemic 
epicardium of the left ventricular wall and in the nonisch-
emic epicardium over the right ventricle 5 mm apart. 
Body surface electrocardiograms. Body surface ECGs 
were recorded with the use of needle electrodes introduced 
into the subcutaneous areas of the two lateral aspects of the 
chest wall. The ECG signals were fed into a specially 
designed differential amplifier (gain 1,000 to 50,000, band 
pass 3 to 600 Hz) with an internal noise level <0.5 JL V. 
Baseline ECG recordings were obtained 5 min before coro-
nary artery ligation. Then the ECG was recorded for 60 s 
every 2 min for the 2-h period of ligation. All signals were 
recorded on-line with the use of a 12-bit analog to digital 
converter (increments of 0.5 JL V) at a sampling rate of 1 kHz. 
Signal-averaging technique. The following cross-correla-
tion technique was used to properly align consecutive com-
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plexes for determination of the signal average and variance. 
A user-defined fiducial point (peak of the R wave) on a 
representative ECG complex was used as the center of a 
template, 61 ms long. for cross-correlation and error func-
tion algorithms. A local maximal correlation and minimal 
error were searched for as an index of the correct relative 
temporal position in the subsequent beats. This alignment 
procedure was carried out on a band-passed ECG (with the 
use of a noncausal filter, IIR, 4 to 40 Hz) it improved its 
performance. Once identified, a 512-ms-wide window was 
set. with the peak of the QRS complex at 149 ms from its 
beginning. Voltages from 40 consecutive temporally fitted 
windows were then averaged in the time domain as 
j= N 
Ai = lIN 2: Sij • 
j = 1 
where the time domain variance (ui) was calculated as 
j=N 




where j denotes the beat index (l ... N), i denotes the 
temporal position within the ECG complex (1 ... 512), and 
S and A are the raw ECG voltages and the time domain 
average respectively. 
A relative variance signal (uri) was defined as 
/
j=m 
Uri = Ui 2: Uj. 
j=1 
[3] 
We defined two 50-ms-long windows of interest. The first 
was placed at the QRS onset (starting 75 ms before the R 
wave) and the other at the QRS offset (starting 25 ms after 
the peak of the R wave). Using this definition we defined 
beat to beat variability index (BTBVI) as the ratio between 
the variance of the amplitudes of the QRS offset and that of 
the QRS onset. (This metric is useful chiefly because it is 
normalized for ambient noise.) Specifically, we calculated 
i=225 /i=75 
BTBVI = 2: Ui 2: Ui. 
i= 175 i=25 
[4] 
where i denotes the temporal position in ms within the 
processed ECG window and i = 150 ms represents the peak 
of the R wave. 
Statistical analysis. Results are presented as mean value 
± SD. Statistical significance for comparisons among the 
three recording sites as well as among the three groups was 
determined by using analysis of variance for repeated mea-
sures and Tukey's test for contrast determination. 
Results 
After left anterior descending coronary artery ligation, 12 
of the 27 study dogs developed ventricular fibrillation. Of 
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Figure 1. Overlay of 30 consecutive body surface electrocardio-
graphic beats after ligation of left anterior descending coronary 
artery and before the development of immediate ventricular fibril-
lation. Note the increased morphologic variability (thickness of 
curve) at the terminal part of the QRS complex (180 to 230 ms). In 
dogs with immediate ventricular fibrillation, the development of 
epicardial diastolic fragmentation coincided with the increased 
morphologic variability of the terminal part of the QRS complex. 
these, 7 developed the arrhythmia within 15 min of ligation 
(immediate ventricular fibrillation group), whereas 5 devel-
oped it 15 to 30 min after ligation (late ventricular fibrillation 
group). The 15 dogs that did not develop ventricular fibril-
lation after coronary artery ligation were classified in the no 
ventricular fibrillation group. In all dogs a clear demarcation 
of the ischemic region appeared during coronary artery 
occlusion. 
After coronary artery ligation, continuous diastolic elec-
trical activity (fragmented electrogram) developed in the 
ischemic epicardial recordings of the dogs with immediate 
ventricular fibrillation. This event coincided with the appear-
ance of a highly variable terminal body surface QRS config-
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uration, as shown graphically in Figure 1 after overlaying 30 
consecutive QRS complexes. 
The relative variance signal, calculated from 40 consec-
utive beats, was altered after coronary artery ligation. The 
most prominent alteration, a marked increase in the relative 
variance during the terminal QRS segment, was noted in the 
dogs with immediate ventricular fibrillation (Fig. 2). This 
phenomenon was evident at all recording sites (body surface 
and both right and left ventricular epicardium). Neverthe-
less, the left ventricular epicardial tracing, which was also 
the tracing recorded from an ischemic epicardium, showed 
the most prominent alterations. 
The'dogs with no or late ventricular fibrillation had a 
different pattern of alteration in beat to beat variability. After 
coronary artery ligation, the relative variance signal of the 
late and no ventricular fibrillation groups did not increase in 
the region of the terminal QRS complex (Fig. 3 and 4). An 
inconsistent elevation was noted of the' relative variance 
signal recorded from the left ventricular epicardium after 
coronary artery ligation. 
Beat to beat variability before coronary artery ligation 
(Table 1). Quantifying the alterations noted in the Figures 2, 
3 and 4, we calculated the beat to beat variability index for 
each dog, both before and after coronary artery ligation. The 
variability index before coronary artery ligation was higher 
at each recording site in dogs with immediate ventricular 
fibrillation than in dogs with late or no ventricular fibrilla-
tion. The baseline index did not differ significantly between 
dogs in the latter two groups. 
Beat to beat variability after coronary artery ligation 
(Tables 2 and 3). After coronary artery ligation, the most 
prominent alteration was the increased beat to beat variabil-
ity index in the dogs with immediate ventricular fibrillation. 
The differences between the beat to beat variability index in 
these dogs and that in the dogs with no or late ventricular 
fibrillation increased after coronary artery ligation. The 
Figure 2. Relative variance signals, calculated from 40 con-
secutive beats of the electrocardiogram (ECG) recorded 
before (solid line) and after (dotted line) ligation of the left 
anterior descending coronary artery in a dog that developed 
immediate ventricular fibrillation (lVF). A, Signal derived 
from the body surface ECG. B, Signal derived from the right 
ventricular (RV) epicardial tracing. C, Signal derived from 
the ischemic anterior left ventricular (LV) epicardium. Cor-
onary artery ligation altered the relative variance signal; the 
most prominent alteration was an increased relative variance 
of the terminal portion of the QRS complex that was greatest 
in the recording taken from the ischemic left ventricular 
epicardium. 
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Figure 3. Relative variance signals, calculated from 40 con-
secutive beats of the electrocardiogram (ECG) recorded 
before (solid line) and after (dotted line) ligation of the left 
anterior descending coronary artery in a dog with late 
ventricular fibrillation (LVF). A, Signal derived from the 
body surface ECG. B, Signal derived from the right ventric-
ular (RV) epicardial tracing. C, Signal derived from the 
ischemic anterior left ventricular (LV) epicardium. Although 
coronary artery ligation altered the relative variance signal, 
there were no prominent or consistent changes; in particu-
lar, no increased relative variance of the terminal portion of 
the QRS complex was noted. 
l---------~250 0.0005O~-':CO:-O --'50--2-00--250 0.001 50 100 150 200 
increase in the index in the group with immediate ventricular 
fibrillation was statistically significant at the right ventricular 
free epicardium and body surface recordings. 
Coronary occlusion increased the beat to beat variability 
index significantly only in the group with immediate ventric-
ular fibrillation (Table 3). It did not alter the index in the 
groups with no or late ventricular fibrillation. 
The beat to beat variability index enabled discrimination 
of the groups with immediate ventricular fibrillation from 
those with no or late ventricular fibrillation both before and 
after coronary artery ligation (Fig. 5 and 6). 
Discussion 
The major finding of this study is that beat to beat 
variation in the amplitudes of the terminal part of the QRS 




























increased significantly before and after coronary occlusion 
that causes ventricular fibrillation. 
We used a simple technique to assess time domain 
stability of the ECG configuration. The beat to beat variabil-
ity of the QRS configuration is affected by several factors 
including myogenic noise, electronic noise of the signal 
acquisition equipment, and that of external electromagnetic 
sources. These contributions to the beat to beat variability 
are expected to be equally present throughout the ECG 
signal. Nevertheless, dynamic alterations of the QRS con-
figuration synchronized with the heartbeat (e.g., the repolar-
ization and depolarization processes) will increase the vari-
ance signal only in specific regions of that ECG. Therefore, 
when reading the normalized variance signal, we can gain 
information about the relative steadiness of different regions 
within the ECG with respect to the QRS complex. 
NVF 





0.003 RV Free Epicardium 
~ 0.002 ... F .......... " ....•... .!! 0.002 la > 
GI 
....................... 
Figure 4. Relative variance signals, calculated from 40 
consecutive beats of the electrocardiogram (ECG) re-
corded before (solid line) and after (dotted line) ligation of 
the left anterior descending coronary artery in a dog that 
did not develop ventricular fibrillation (NVF). A, Signal 
derived from the body surface electrogram. B, Signal 
derived from the right ventricular (RV) epicardial tracing. 
C, Signal derived from the ischemic anterior left ventric-
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Table 1. Beat to beat Variability Index Measured in Three Groups 
Before Ligation of the Left Anterior Descending Coronary Artery 
Beat to Beat 
Variability NoVF Late VF Immediate VF 
Index (n = IS) (n = 5) (n = 7) 
Body surface 0.7 ± 0.2 0.7 ± 0.2 0.9 ± 0.2* 
ECG 
RV free 1.0 ± 0.2 1.0 ± 0.1 1.2 ± 0.2* 
epicardium 
LV anterior 1.1 ± 0.2 0.8 ± 0.1* 4.7 ± l.4t 
epicardium 
'p < 0.05, tp < 0.001 comparing each value with its corresponding value 
in the no ventricular fibrillation group. Data are presented as mean value ± 
SD. ECG = electrocardiogram; LV = left ventricular; RV = right ventricular; 
VF = ventricular fibrillation. 
Beat to beat variability and fragmented diastolic activity. 
Our results show that continuous electrical activity (frag-
mented electrograms) present in epicardial recordings during 
the electrical diastole, similar to those recorded by Kaplin-
sky et aL (5), are associated with a highly variable terminal 
QRS configuration in both epicardial and body surface 
recordings. This highly variable terminal QRS configuration 
can be further examined in terms of beat to beat variability 
index. Our results showed that, coincidental with the ap-
pearance of the epicardial fragmented activity, increased 
beat to beat relative variability appeared in the terminal 
portion of the QRS complex and extended into the ST-T 
segments. On this basis we suggest that the appearance of 
fragmented electrical activity in the epicardial recordings is 
associated with increased beat to beat relative variability of 
the terminal portion of the QRS complex and the ST-T 
segments. Thus, the development of an increased beat to 
beat variability index may be associated with the presence of 
epicardial fragmented activity, which would be indicative of 
forthcoming ventricular arrhythmia. Nevertheless, the in-
creased beat to beat variability documented before ligation 
in the group with immediate ventricular fibrillation was not 
associated with diastolic fragmentation of the epicardial 
ECG. Therefore, the relation between beat to beat variabil-
ity and diastolic fragmentation may be more complex; either 
the beat to beat index is a more sensitive index or the two 
Table 2. Beat to beat Variability Index Measured in Three Groups 
After Ligation of the Left Anterior Descending Coronary Artery 
Beat to Beat Immediate 
Variability NoVF Late VF VF 
Index (n = 15) (n = 5) (n = 7) 
Body surface 0.8 ± 0.2 0.8 ± OJ 1.5 ± 0.3' 
RV free 0.9 ± 0.5 1.1 ± 0.2 2.7 ± 0.7* 
epicardium 
LV anterior 1.2 ± 0.6 1.0 ± 0.6 6.4 ± 2.6* 
epicardium 
*p < 0.001 comparing each value with its corresponding value in the no 
ventricular fibrillation group. Values are presented as mean values ± SD. 
Abbreviations as in Table I. 
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Table 3. Statistical Differences Between Beat to Beat Variability 
Index Before and After Ligation of the Left Anterior Descending 
Coronary Artery 
Beat to Beat 
Variability 
Index NoVF Late VF Immediate VF 
Body surface NS NS p < 0.05 
RV free NS NS p < 0.001 
epicardium 
LV anterior NS NS NS 
epicardium 
Statistical significance was calculated between each value and its corre-
sponding value using analysis of variance for repeated measures. Abbrevia· 
tions as in Table I. 
measures reflect independent electrophysiologic properties 
of the myocardium. In the latter case, both methods could 
provide complementary information regarding the potential 
for ischemic arrhythmias. 
The phenomenon of fragmented diastolic electrical activ-
ity, also known as "diastolic bridging," is related to slow, 
nonhomogeneous conduction of subepicardial activation (8). 
Therefore, one may postulate that our results are caused by 
nonhomogeneous conduction of subepicardial activation in 
dogs that develop ventricular fibrillation early after coronary 
artery occlusion. However, other mechanisms may also 
contribute to the appearance of a highly variable terminal 
QRS configuration such as a time-varying depolarization 
process or altered autonomic neural input to the heart. 
Beat to beat variability and development of immediate 
ventricular fibrillation. The increased beat to beat morpho-
logic variability of the terminal part of the QRS complex was 
present only in dogs that developed immediate ventricular 
fibrillation after left anterior descending coronary artery 
occlusion. This finding is compatible with the bimodal dis-
tribution of ventricular arrhythmias occurring during the 1st 
30 min after experimental complete coronary artery occlu-
sion. The first phase (la ["immediate ventricular arrhyth-
Figure S. Distribution of beat to beat variability index (BTBVI) 
among dogs before occlusion of the left anterior descending coro-
nary artery, as derived from the body surface, right ventricular (RV) 
free epicardium and left ventricular (LV) anterior epicardium. 
Squares = immediate ventricular fibrillation (IVF); triangles = late 
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Figure 6. Distribution of beat to beat variability index (BIB VI) 
among dogs after occlusion of the left anterior descending coronary 
artery, as derived from the body surface, right ventricular (RV) free 
epicardium and left ventricular (LV) anterior epicardium. Squares = 
immediate ventricular fibrillation (IVF); triangles = late ventricular 
fibrillation (LVF); circles = no ventricular fibrillation (NVF). 
mias"]) usually occurs 2 to 15 min after occlusion. The 
second phase (lB, ["delayed ventricular arrhythmias"]) 
occurs 15 to 30 min after occlusion (5,9). It seems that two 
different mechanisms are responsible for the generation of 
these arrhythmias. Phase la arrhythmias occur as a conse-
quence of slow conduction and delayed activation of subepi-
cardial muscle, whereas phase Ib arrhythmias may be re-
lated to the release of endogenous catecholamines, which 
has been shown to occur at 15 to 20 min of ischemia (10, II). 
Indeed, our analysis shows that after coronary artery liga-
tion, dogs with late or no ventricular fibrillation did not show 
any significant alteration in beat to beat configuration. 
Ventricular arrhythmias in the immediate phase after 
coronary occlusion are probably caused by reentry. Map-
ping experiments (6) have demonstrated that circular move-
ment reentry occurs in acutely ischemic myocardium, often 
changing the position and dimension of the reentrant circuits 
as well as the revolution time of the impulse from beat to 
beat. Furthermore, dispersion in refractory periods, which 
has been found to increase after coronary artery ligation, is 
thought to facilitate the establishment of unidirectional 
block, one of the prerequisites for reentry (12). Our results 
stress the important role of electrical instability of the 
myocardium as a cause of immediate ventricular fibrillation 
and localize this process of instability to the terminal QRS 
complex in the ischemic myocardium. 
Beat to beat variability before coronary artery ligation. 
Dogs with immediate ventricular fibrillation after coronary 
artery ligation had an increased beat to beat variability index 
in the baseline recording before ligation. This sign of elec-
trical instability was present at all three recording sites in 
this group. This observation suggests that this group may 
have a different electrical substrate or that an unnoted 
perturbation might have been introduced during the prepa-
ration of the experimental model, such as depth of the 
anesthesia, coronary artery dissection or interruption of the 
autonomic fibers lying in close proximity to the artery. We 
cannot exclude the potential contribution of these mecha-
BEN-HAIM ET AL. 1275 
IMMEDIATE VENTRICULAR ARRHYTHMIAS 
nisms in the increased beat to beat variability at baseline that 
further increased after coronary artery occlusion. 
Beat to beat variability index was increased in data 
obtained before ligation at all recording sites. However, 
recordings of left ventricular epicardium resulted in the most 
significant differences between the immediate, late and no 
ventricular fibrillation groups. The differences in the magni-
tude of beat to beat variability index among sites may have 
been related to the myocardial mass sampled and to contam-
ination of the epicardial electrogram with other sources of 
electrical noise when measured from the body surface. 
Our findings are compatible with those of previous re-
ports (13-15) describing a correlation between QRS beat to 
beat morphologic variability and the vulnerability to devel-
opment of ventricular fibrillation in a programmed stimula-
tion study. 
Clinical significance. Beat to beat ECG morphologic vari-
ability is an important tool for analyzing dynamic electro-
physiologic events, and its application to body surface EeG 
recordings of humans may be promising, because it could 
provide, noninvasively, valuable information in predicting 
development of lethal arrhythmias associated with acute 
ischemia. 
We thank Ruth Singer for editing the manuscript, Linda Bang for secretarial 
assistance and Michael Kienzle, MD for expert comments. 
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